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hydrologic outflow patterns (Hannan 1979, Rada and Wright 1979) . Thus, reservoir water release regimes have the potential to cause major temporal and spatial changes in phytobenthic communities of downstream rivers.
In the spring of 1995, high snowmelt delivered from Lake Powell's tributaries filled the reservoir to capacity for only the 2nd time in its 33-y existence. This filling resulted in a freshened or diluted reservoir and subsequent high-flow releases from Glen Canyon Dam (GCD) to facilitate lake drawdown. Within 3 mo, >50% of the oncedominant nonmucilaginous chlorophyte Cladophora glomerata (L.) Kiitz was replaced with a mixed, mucilaginous phytobenthic assemblage consisting of miscellaneous algae, macrophytes, and bryophytes (MAMB) in the tailwaters. Cladophora glomerata became the dominant alga below GCD The major compositional change in phytobenthos following a filled reservoir and increased water releases illustrates the need for greater understanding of lentic-lotic interactions. The aim of our study was to improve understanding of the roles that reservoir discharge and nutrient regimes play in controlling benthic composition in downstream reaches. Specific objectives of our study were: 1) to quantitatively assess selected chemical parameters below GCD, 2) to monitor and quantify the compositional change in the phytobenthic community below GCD and potential trophic ramification, and 3) to test the response of the altered phytobenthic community to extreme discharges (1275 m3/s x 7 d).
Methods

Study area
The Colorado River is impounded by GCD (Fig. 1) (Fig. 1) . The clear, cold, 26-kmlong tailwater section, dominated by C. glomerata for 3 decades, supports prolific benthic algal growth, and contained >50% of the algal and invertebrate biomass of the entire 400-km-long river corridor below GCD during 1991 (Stevens et al. 1997 ). Cladophora became dominant below GCD and other deep-release dams in the Colorado River basin because of tailwater conditions that allowed the alga to thrive (Blinn et al. 1998). Cladophora is a problem taxon in many small streams but, in the Colorado River through Grand Canyon, the combination of river depth, current velocity, and the hydraulic grinding action of rapids eliminates any nuisance characteristics.
The filling of Lake Powell as a result of high snowfall in the Green and Colorado River basins in 1993 and 1995 resulted in an emergency departure from the normal pattern of widely fluc- 
Benthic collections
Twenty-three collections were made at approximately monthly intervals from June 1995 through January 1998, which yielded 216 phytobenthic samples from the Lees Ferry cobble bar in the Colorado River at RKM 0.8 (Fig. 1) . From June 1995 through January 1997, 12 replicate benthic samples were taken at each collection interval, and from February 1997 through January 1998 six replicate benthic samples were taken at each collection interval. All samples were randomly taken along established transects with a covered Hess sampler for a 30 s duration using SCUBA at or below baseflow (-226 m3/s). Collection intervals were designed to capture change in monthly discharge patterns and allow for a detectable response in the benthos (Shaver et al. 1997 , Benenati et al. 1998 .
Benthic samples from the 23 collections were sorted into 5 main categories: 1) C. glomerata, 2) MAMB, 3) filamentous cyanobacteria (crustose and non-crustose Oscillatoria spp., Tolypothrix), 4) miscellaneous invertebrates, and 5) detritus. The MAMB category was further sorted into 4 subgroups: a) miscellaneous bryophytes and macrophytes, b) Rhodophyta, c) Chromophyta (miscellaneous diatoms in a mucilage matrix dominated by Cymbella spp. and Gomphonema spp.), and d) Chlorophyta (filamentous green algae other than Cladophora). All categories were oven-dried (60?C for >48 h) and ashed (500?C) for 1 h to obtain ash-free dry mass (AFDM). The miscellaneous invertebrate category included Gammarus lacustris, various Chironomidae (e.g., Cricotopus annulator, C. globistylus; Sublette et al. 1998), gastropods (Physella spp., Pisidium spp.), megadrile worms (Lumbricidae and Lumbricullidae), and oligochaetes (Naididae and Tubificidae).
Ashed phytobenthic material of Cladophora, filamentous cyanobacteria, and MAMB subgroups a to d from 12 collections were processed to examine epiphyton composition and cell density. Ashed samples were diluted with distilled water and the epiphyton suspension was mounted onto microscope slides in replicates of 3 using Hyrax? medium. A minimum of 200 diatoms per slide was counted and identified to species to determine number of cells/ g algal AFDM for each category.
In addition, 30 benthic samples were obtained using a Hess sampler to compare epiphyton biomass on Cladophora and MAMB. Invertebrates were removed and each sample was separated into Cladophora or MAMB, placed in a WhirlPak" containing 100 mL of filtered (0.45 Vpm) Colorado River water, and shaken for 1 min to remove epiphyton. This procedure removed at least 80% of diatoms, based on microscopic analysis, and was the most effective technique for separating intact epiphytic diatoms from Cladophora filaments (Blinn et al. 1995). The suspension was filtered onto Whatman? (GF/C) glass microfiber filters, which were oven-dried for 48 h (60?C), and ashed for 1 h (500?C) to obtain AFDM.
Experimental flood
An experimental flood (1275 m3/s) was released from GCD from 26 March to 2 April 1996 to test the effect of reservoir drawdown in high snowmelt years and for beach replenishment using displaced riverbed sediments (Webb et al. 1999 ). Benthic samples were collected, as described above, 2 d prior (24 March) and 12 d after (14 April) the flood to determine algal response to extreme discharge levels. Water samples also were collected in triplicate at the same pre-and postflood intervals as described above and analyzed for nutrient and ion concentrations. 
Data analyses
All data were log-transformed to ensure constancy of variance. Multivariate analysis of variance (MANOVA) was performed to determine significant differences in biomass among and between benthic categories during the 23 collection intervals. Hotelling's T2-tests were used to detect overall seasonal biomass differences among and between the benthic groups. We tested relationships between phytobenthic biomass and abiotic factors (discharge, water-quality components, season) using multiple regression analysis. Multiple Pearson correlation analysis with Bonferroni-adjusted probabilities was used to describe correlations among and between phytobenthic groups and abiotic factors. All calculations were performed using SYSTAT? (Statistics, version 5.2 edition, SYSTAT, Inc., Evanston, Illinois).
In addition, MANOVA was used to test differences between data collections prior to the change in benthic composition (January 1991-March 1995) and afterward (June 1995-January 1998). In this comparison, the pre-and postbenthic change periods will be referred to by the above dates.
Discharge was analyzed using Hotelling's T2-tests to detect differences during the study period, and differences between the study period and the preceding 5-y period (January 1991-May 1995). When discharge was tested against algal response, flows for the preceding month were used to allow for a biomass response period ( During the high-flow period, discharge was positively correlated with MAMB (Pearson multiple correlation, p < 0.01) and had a significant negative relationship (p < 0.01) with Cladophora. Also, discharge was significantly (p < 0.001) higher in the winter-spring season compared to other seasons. Although variability between maximum and minimum flows was reduced during our study, compared to normal dam operations, the summer-autumn period had, on average, 48% greater daily fluctuation in discharge than winter-spring (Fig. 2) . Conductivity decreased 38% at Lees Ferry and 32% at the penstock intake of Lake Powell between January 1991 and January 1998. Conductivity levels prior to June 1995 ranged from 750 to 1010 !iS/cm, but dropped to 590 to 850 ptS/cm from June 1995 to January 1998. A multiple regression showed a significant and positive relationship (p < 0.001, r2 = 0.96) between conductivity and Lees Ferry nutrient/ion concentrations during water-quality collections (June 1995-January 1997). In addition, a significant positive relationship occurred between conductivity and Cladophora, in contrast to a significant inverse association with MAMB (Pearson multiple correlation, p < 0.01 for both).
Fluctuations in nutrient and cation concentrations (Table 1) 
FIG. 3. Percent composition of miscellaneous algae, macrophytes, and bryophytes (MAMB) and Cladophora glomerata ash-free dry mass based on means of 16 seasonal collections from 1991-1994 and means of 23 monthly collections from June 1995 through January 1998 at the Lees Ferry cobble bar in the Colorado River (n = 384).
49.6, 47.9, and 2.5%, respectively, in samples (n = 216) taken from June 1995 to January 1998 (Fig. 3) . During high flows, cyanobacteria also changed from a crustose mat previously found in the varial zone to an epiphytic filamentous form (mainly Tolypothrix) growing on other algae throughout the submerged channel.
Taxa in the subgroups of MAMB consisted of: a) the macrophytes Potamogeton pectinatus L. and Elodea spp., the bryophyte Fontinalis spp., and the alga Chara contraria A. Braun ex Kiitz.; b) Rhodophyta (Rhodochorton and Batrachospermum spp.); c) Chromophyta (mixed diatoms in a mucilage mass); and d) Chlorophyta [Ulothrix zonata (Weber and Mohr) Kiitz., Ulothrix sp., Spirogyra, Mougeotia, Stigeoclonium spp., and Enteromorpha intestinalis (L.) Grev.]. Percentages of AFDM within the MAMB subgroups changed between the January 1996 to January 1998 periods as follows: chlorophytes-42 to 69%, Rhodophytes-38 to 5%, macrophytes/bryophytes-13 to 19%, and no change in chromophytes (7%). Dominant MAMB taxa were Batrachospermum (90% of rhodophytes) and U zonata, (80% of chlorophytes) during 1996, changing to U zonata and Spirogyra (80% and 10% of chlorophytes) during 1997. All of these taxa except Cladophora are mucilage-covered.
Seasonal patterns
A multiple regression showed Cladophora and MAMB biomass to have significant opposing seasonal patterns, whereas invertebrates exhibited a significant positive association with C. glomerata (p < 0.001, r2 = 0.47). No significant relationship occurred between invertebrates and MAMB. During winter-spring, MAMB dominated over Cladophora, with significantly (p < 0.001) higher biomass than in summer-autumn (11.9 ? 1.9 SE g/m2 AFDM vs 4.8 + 0.5, Fig. 4) . Conversely, Cladophora dominated in summerautumn, with significantly (p < 0.001) higher biomass than during winter-spring (12.6 ? 1.0 g/m2 AFDM vs 3.8 ? 0.6), which coincided with higher nutrient concentrations in summer-autumn. Invertebrate biomass showed the same pattern as Cladophora and was significantly greater (p < 0.001) during summer-autumn than winter-spring (4.7 vs 2.4 g/m2 AFDM). Mean cyanobacteria biomass was slightly lower in the summer-autumn (0.9 ? 0.1 g/m2 AFDM) compared to winter-spring (1.2 ? 0.3 g/m2 AFDM). Although changes in benthic algal composition were distinct, overall biomass changed minimally between the 2 opposing seasonal periods, with summer-autumn averaging (Fig. 5) . In fact, diatom density on Cladophora was 40% greater than that in the diatom mucilage matrix because the matrix was largely composed of a thick mixture of sediment and mucilage. Overall diatom density on all phytobenthic categories was 35% higher during the summer-autumn season when Cladophora was dominant, compared to winter-spring (355 ? 80 x 106 vs 230 ? 30 x 106). We hypothesize that mucilaginous algae found in MAMB can outcompete Cladophora under the combination of reduced nutrient conditions and elevated discharge regimes of -710 ? 142 m3/s. However, if discharge is increased to -1275 m3/ s, MAMB will be scoured out, allowing Cladophora to recolonize regardless of nutrient conditions because of strong holdfast attachment and lack of competition. Similar reservoir and discharge conditions in the Colorado River occurred from 1983 to 1986 with high snowmelt inflows that filled Lake Powell to capacity and resulted in extreme discharges (1200-2500 m3/ s) released from GCD for a 3-y period (Kearsley et al. 1994 ). However, prolific growth of Cladophora occurred during and after this time period with no invasion of other algal types (E. P. Benenati, personal observation, Usher and Blinn 1990, Blinn and Cole 1991). This perseverance of Cladophora during extreme flows may be advantageous to the ecosystem below GCD because periodic experimental floods are now a component in the GCD management plan, provided flood discharge exceeds 1200 m3/s. Current reservoir criteria established by stakeholders dictate that Lake Powell must be nearly full with inflows above normal before initiation of an experimental flood. Consequently, future scenarios could include a diluted reservoir, greater than normal discharge, and benthic instability prior to future experimental floods. 
